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The relative visual positions of brieﬂy ﬂashed stimuli are systematically modiﬁed in the presence of motion signals. We have recently
shown that the perceived position of a spatially extended ﬂash stimulus is anisotropically shifted toward a single convergent point back
along the trajectory of a moving object without a signiﬁcant change in the perceived shape of the ﬂash [Watanabe, K., & Yokoi, K.
(2006). Object-based anisotropies in the ﬂash-lag eﬀect. Psychological Science, 17, 728–735]. In the previous experiment, the moving stim-
ulus moved in both retinotopic and environmental coordinates. In the present study, we examined whether the anisotropic mislocaliza-
tion depends on retinotopic or object motion signals. When the retinal image of a moving stimulus was rendered stationary by smooth
pursuit, the anisotropic pattern of mislocalization was not observed. In contrast, when the retinal image of a stationary stimulus was
moved by eye movements, anisotropic mislocalization was observed, with the magnitude of the mislocalization comparable to that in
the previous study. In both cases, there was little indication of shape distortion of the ﬂash stimulus. These results demonstrate a clear
case of object-based mislocalization by retinotopic motion signals; retinotopic—not object—motion signals distort the perceived posi-
tions of visual objects after the shape representations are established.
 2007 Elsevier Ltd. All rights reserved.
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At the outset, the appreciation of spatial relations
among visual objects appears to be easy and precise. How-
ever, substantial errors in visual localization do occur (Sch-
lag & Schlag-Rey, 2002), particularly in the presence of
motion signals (Nijhawan, 2002; Whitney, 2002). For
example, when a visual stimulus—one that is physically
aligned with another moving stimulus—is ﬂashed, observ-
ers perceive the ﬂashed stimulus to be spatially lagging
back along the trajectory of the moving stimulus. This
mislocalization is called the ‘‘ﬂash-lag’’ eﬀect (Nijhawan,
1994, 2002). Although there are diﬀering explanations0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.03.006
* Corresponding author. Address: Research Center for Advanced
Science and Technology, The University of Tokyo, Meguro-ku, Tokyo,
Japan. Fax: +81 3 5452 5249.
E-mail address: kw@fennel.rcast.u-tokyo.ac.jp (K. Watanabe).regarding the precise mechanism(s) responsible for the
ﬂash-lag (for reviews see Krekelberg & Lappe, 2001; Nijh-
awan, 2002), most do not consider the spatial separation
between the moving and ﬂashed stimuli as a critical factor,
and propose spatially homogeneous processes.
In a recent study, we performed a two-dimensional map-
ping of the perceived position of a ﬂash relative to a mov-
ing stimulus (Watanabe & Yokoi, 2006). We found that
when a ﬂash was presented ahead of the moving object, a
conventional ﬂash-lag eﬀect was exhibited (i.e., the per-
ceived distance between the ﬂash and moving object was
smaller than the actual distance). However, when the ﬂash
was presented more than approximately 1 deg behind the
moving stimulus, it was perceived as having been displaced
in the same direction as that of the motion. This is an oppo-
site eﬀect and a clear counterexample to the claim that a
spatially homogeneous mechanism underlies the ﬂash-lag.
Previous studies may not have detected this spatial inho-
Fig. 1. Schematic illustrations of the motion conditions. (a)
Object + Retinotopic motion condition in the previous experiment
(Watanabe & Yokoi, 2006). (b) Stationary condition in the previous
experiment. (c) Retinotopic motion condition in the present experiment.
(d) Object motion condition in the present experiment. In the actual
experiment, the grid, shown as black lines in the ﬁgure, was invisible. (a)
and (b) have been reproduced (with modiﬁcations) from Watanabe and
Yokoi (2006).
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distribution of the mislocalization eﬀect was not suﬃcient
(e.g., typically, about 0.2 deg, as in Kerzel & Gegenfurtner,
2004; maximum range, 1.6 deg as in Murakami, 2001) and
the binary judgment (lead/lag) in the method of constant
stimuli was used in most studies.
An important ﬁnding of the previous study was that the
anisotropic distortion of positional representation occurs
without a signiﬁcant change in the perceived shape of the
ﬂash. In other words, the unit of mislocalization is a repre-
sented visual object. The signiﬁcance of visual object repre-
sentation has been investigated not only in the ﬂash-lag
eﬀect (Moore & Enns, 2004; Watanabe, 2004; Watanabe,
Nijhawan, Khurana, & Shimojo, 2001) but also in other
mislocalization phenomena (e.g., Matsumiya & Uchikawa,
2001; Watanabe, Nijhawan, & Shimojo, 2002; Watanabe,
Sato, & Shimojo, 2003). For instance, Matsumiya and
Uchikawa (2001) showed that the apparent width of a par-
allel four-bar stimulus is compressed when the bars are pre-
sented just before a saccade; however, the shape of the
single rectangle is not compressed. These observations sug-
gest that the processes underlying several mislocalization
phenomena operate at or beyond the level of visual shape
representation.
The ﬂash-lag eﬀect is known to be caused by retinotopic
motion signals. The ocular tracking of a moving stimulus
eliminates the ﬂash-lag eﬀect, whereas motion signals
induced by eye movements produce this eﬀect (Nijhawan,
1994, 2001). In the experiment conducted in this study,
we examined the anisotropic mislocalization pattern in
two cases—when the retinal image of a moving stimulus
was rendered stationary by smooth pursuit (Object motion
condition) and when the retinal image of a stationary stim-
ulus was moved by eye movements (Retinotopic motion
condition). If anisotropic mislocalization occurs in the
Object motion condition but not in the Retinotopic motion
condition, it would suggest that the ﬂash-lag and aniso-
tropic mislocalization are diﬀerent phenomena. On the
other hand, if the anisotropic mislocalization is a spatially
generalized form of the ﬂash-lag phenomenon, the mislo-
calization may also depend on the retinotopic motion sig-
nals. This would be an interesting case in which
retinotopic motion signals aﬀect a visual process that oper-
ates at or after visual shape representation (i.e., object-
based mislocalization by retinotopic motion signals).2. Method
The subjects, stimuli, and procedure were almost identical to those
used in Experiment 2 in Watanabe and Yokoi (2006). As in the previous
experiment, four naı¨ve subjects (22–34 years), with normal or corrected-
to-normal vision, voluntarily participated in the study. The subjects ﬁx-
ated on a stationary ﬁxation cross (white, 61.0 cd/m2, 0.438 deg) at the
center of a gray (8.2 cd/m2) background from an observation distance
of 57 cm. A black disk (0.01 cd/m2, 0.625 deg in diameter) appeared ran-
domly on the left or right side of the screen, and at a constant speed of
9.38 deg/s, immediately moved along a horizontal trajectory, 5.25 deg
above the ﬁxation cross, toward the opposite side of the screen (Fig. 1a).The initial horizontal distance was 6.25 deg from the ﬁxation cross. A
dumbbell-like shape was ﬂashed for one frame (approximately 13.3 ms
on a 75-Hz CRT monitor) when the black disk was 2.63 deg to the left
or right of the ﬁxation cross. The ﬂash stimulus was made by connecting
two adjacent white disks (61.0 cd/m2, 0.313 deg) on an imaginary matrix
with a white bar (0.03 deg wide, 1.75 deg long), resulting in 31 relative
positions of the ﬂash stimulus (16 vertically and 15 horizontally connected
positions). The stimulus sequence consisted of 101 frames (approximately
1346 ms). The ﬂash stimulus was presented 29 or 71 frames (about 387 or
946 ms) after the onset of the disk. In the present study, this condition was
termed as the Object + Retinotopic motion condition. In the control (sta-
tionary) condition of the previous experiment, the black disk was pre-
sented for the same duration as that of the motion sequence; however,
the black disk was stationary (stationary condition; Fig. 1b). After the
sequence presentation, the black disk reappeared (but remained station-
ary) along with a continuously visible ﬂash stimulus. The subjects indi-
cated the position of the ﬂash stimulus relative to the black disk and the
shape of the ﬂash stimulus (the orientation and length of the connecting
bar). First, they adjusted the position of one of the two white disks by
using the computer mouse. While the subjects were adjusting the position
of the disk, a connecting bar was drawn between the disks; therefore, the
length and orientation of the connecting bar were modiﬁable. The disk to
be adjusted ﬁrst was chosen randomly for each trial; this was easily dis-
cerned by jiggling the mouse. After ﬁxing the position of the ﬁrst disk,
the other disk could be adjusted.
In the present experiment, the subjects tracked a moving ﬁxation cross
with their eyes. Eye movements were conﬁrmed at 250 Hz by using an Eye-
Link II gaze tracker (SR Research, Ont., Canada) in one subject. There
were two conditions in the experiment. The ﬁrst was the Object motion
condition (Fig. 1d): In this condition, the visual stimuli were identical to
1664 K. Watanabe, K. Yokoi / Vision Research 47 (2007) 1662–1667those used in the Object + Retinotopic motion condition (the 9.38 deg/s
motion condition in the previous experiment), with the exception of the
fact the ﬁxation cross was presented 5.25 deg below and 2.63 deg to the left
or right of the moving disk; further, the ﬁxation cross moved with the
same velocity as did the disk. The second condition was the Retinotopic
motion condition (Fig. 1c): In this condition, the visual stimuli were identi-
cal to those used in the stationary condition of the previous experiment,
with the exception of the fact that the ﬁxation cross moved in the same
manner as it did in the Object motion condition. It should be noted that
the presentation timing of the ﬂash and the relative positions between
the disk and ﬂash were matched for all the conditions.
Each subject participated in ﬁve sessions for each motion condition.
Four trials were repeated at random for each relative position (124 trials
per session). For each subject, the mean mislocalization eﬀects of the ﬂash
stimulus were calculated by independently computing the horizontal and
vertical components of the perceived displacements of the two white disks.
The perceived orientation and length of the connected ﬂash were recon-
structed based on the reported positions of the two disks.
3. Results
The results obtained from all the subjects showed a sim-
ilar pattern; therefore, the data were averaged. Fig. 2 shows
the results of the present experiment along with those of the
previous one. The perceived ﬂash positions are plotted rel-Fig. 2. (a) Results of the Object + Retinotopic motion condition (the 9.38 d
represent where the subjects placed the ﬂashed dumbbell stimulus. The perceive
origin. Data of the leftward and rightward motions are collapsed and presented
horizontal axis indicates that the ﬂash was presented ahead of the moving bla
panel) are shown separately. The bars are alternately shaded with diﬀerent level
had the same luminance level. The perceived position of the ﬂash was anisot
stationary (control) condition in the previous study. In the stationary condition
left and right hemiﬁelds of the disk were averaged, producing a symmetric patte
direction of the motion signals caused by eye movements. The pattern of the p
condition. (d) Results of the Object motion condition in the present experim
reproduced with modiﬁcations from Watanabe and Yokoi (2006).ative to the black disk corresponding to the origin. Data
with horizontal and vertical bars are shown separately.
When the ﬁxation cross moved concurrently with the disk
and the subjects tracked it with their eyes (Object motion),
the anisotropic mislocalization was reduced (Fig. 2d) com-
pared to that in the Object + Retinotopic motion condition
(Fig. 2a). In this case, the results were similar to those
obtained in the stationary condition in the previous exper-
iment (Fig. 2b). On the other hand, when the retinal
motion slip of the stationary disk was produced by eye
movements (Retinotopic motion; Fig. 2c), the mislocaliza-
tion pattern (a propos retinotopic motion signals) was
comparable to that in the Object + Retinotopic motion
condition in the previous experiment (Fig. 2a).
Since the mislocalization was primarily characterized
as translational displacement (i.e., no orientation change
of the connecting line was evident), the mislocalization
eﬀect was recomputed by averaging the mislocalization
magnitudes of the two white disks for each connected-
disks ﬂash. At each ﬂash position, separate one-sample
t-tests (a = 0.05) were conducted for the horizontal and
vertical components of mislocalization. Then, to compareeg/s motion condition of the previous study). The dots joined by lines
d ﬂash positions are plotted relative to the black disk corresponding to the
as though the black disk moved rightward. Hence, a positive value on the
ck disk. The data with horizontal bars (left panel) and vertical bars (right
s of gray for clarity of presentation; however, in the actual experiment, they
ropically displaced in the presence of the moving disk. (b) Results of the
, because the motion direction was undeﬁned, the data obtained from the
rn. (c) Results of the Retinotopic motion condition, plotted in terms of the
ositional distortion was similar to that of the Object + Retinotopic motion
ent. The anisotropic mislocalization eﬀect was reduced. (a) and (b) are
Fig. 3. Left panel: Horizontal components of mislocalization, averaged
for each ﬂash position across subjects. Right panel: Vertical components
of mislocalization. Arrows are drawn from the centers of the connecting
lines, representing the directions and magnitudes of mislocalization;
arrows on horizontal dotted lines correspond to measures with horizontal
barbells, those on vertical dotted line to measures with vertical barbells.
Only ﬂash positions where the mislocalization magnitude was signiﬁcantly
larger than zero are shown as arrow. The ﬂash position where the
mislocalization magnitudes diﬀered signiﬁcantly between the Object and
Retinal motion conditions are indicated by open circles and bold arrows.
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condition, we performed Tukey HSD tests (a = 0.05) on
each ﬂash position. Fig. 3 depicts the magnitudes of the
horizontal and vertical components of mislocalization.
Only ﬂash positions where the mislocalization magnitude
was signiﬁcantly larger than zero are shown as arrow.
Flash positions where the mislocalization magnitudes dif-
fered signiﬁcantly between the Retinal and Object motion
conditions are indicated by open circles and bold arrows.
The mislocalization due to retinal motion signals
occurred mainly in the (retinal) space ahead of the mov-
ing disk and the vertical components were mostly inde-
pendent of motion condition.
As seen in Fig. 2, the orientation of the connecting bar
was perceived correctly at all ﬂash positions. The compres-
sion was measured as the ratio of the reported length to the
physical length of the connected-disks ﬂash, excluding the
translational mislocalization components. The length of
the connecting bar (i.e., the distance between the disks)
was also perceived veridically at all positions, with the
exception of the case where the ﬂash overlapped the black
disk at the center (t-test, p < 0.05).4. Discussion
The present results demonstrate a clear case of object-
basedmislocalization by retinotopicmotion signals. Retino-
topic—not object—motion signals distort the perceived
positions of visual objects after the shape representations
are established. In addition, these results support our pro-posal that anisotropic mislocalization is a spatially general-
ized form of the ﬂash-lag phenomenon.
One of the main ﬁndings of the present experiment is the
absence of shape distortion. Yet, as in our previous study,
an exception to the preserved shape perception (apparent
shrinkage) occurred when the ﬂashed stimulus physically
overlapped the moving disk. We had tentatively proposed
that visual masking (Kanizsa, 1979) or change in atten-
tional receptive ﬁelds (Tsal & Shalev, 1996) might be
responsible for this compression. Since it is an exceptional
case, however, we will not discuss it further in the present
paper.
Anisotropies in the distortion of visual space representa-
tion have also been reported in the context of presaccadic
compression (Ross, Morrone, & Burr, 1997). Just before
a saccade, a visual ﬂash is mislocalized toward the target
of the saccade, provided there is a stable visual reference
after the saccade (Lappe, Awater, & Krekelberg, 2000).
The pattern of mislocalization appears as if the visual space
is two-dimensionally and anisotropically compressed
toward the saccade target (Kaiser & Lappe, 2004). This
convergent pattern of presaccadic compression is qualita-
tively similar to the motion-based mislocalization in the
present study. Moreover, Matsumiya and Uchikawa
(2001) showed that the apparent width of the parallel
four-bar stimulus is compressed in the presaccadic com-
pression; however, the shape of the single rectangle is not
compressed (namely, object-based mislocalization).
Recently, Brenner, van Beers, Rotman, and Smeets
(2006) showed that subjects tend to report the position of
a moving object to be closer to where it passes the ﬁxation
point (foveopetal compression) and further in the direction
of motion. Some resultant patterns of mislocalization are
similar to the anisotropic mislocalization observed in our
studies. However, in contrast to our results, they found
horizontal but not vertical compression. There are at least
three critical diﬀerences between Brenner et al. (2006) and
our experiments. First, our subjects performed the localiza-
tion task of a ﬂashed stimulus rather than a moving stim-
ulus. Second, the subjects performed the relative
localization task (to report the position of the ﬂash with
regard to the moving disk) rather than the localization in
the environmental coordinates. Third, in the present study,
mislocalization was deﬁned with respect to the moving
object. It is possible that foveopetal components exist in
our experiments however their eﬀect must have been can-
celled out by counterbalancing the motion direction and
the position of the entire stimulus conﬁguration between
the left and right visual ﬁelds. Nonetheless, there is a pos-
sibility that the diﬀerences between the results of the two
experiments are caused by diﬀerences between relative
and egocentric localizations (e.g., Brenner & Cornelissen,
2000). It remains a future challenge to examine whether
these qualitatively (and partially) similar phenomena share
a common mechanism.
In the present experiment, the subjects reported the rel-
ative position of the ﬂash by using the mouse pointer. Stud-
1666 K. Watanabe, K. Yokoi / Vision Research 47 (2007) 1662–1667ies have suggested that the visual cortical processes for per-
ception may be separate from those for action (Milner &
Goodale, 1995). This idea leads to the possibility that an
experimental result obtained with motor actions, such as
pointing and grasping, may be diﬀerent from that obtained
with non-motor psychophysical methods such as the
method of constant stimuli. In a series of studies conducted
to investigate the conditions in which representational
momentum (forward displacement of the remembered ﬁnal
position of a moving object; Freyd & Finke, 1984) occurs,
Kerzel and colleagues have shown that the smooth pursuit
of a moving object and/or a motor response (pointing with
a ﬁnger or a mouse pointer) toward the remembered posi-
tion are necessary for representational momentum with
smooth motion (cf., discrete implied motion) (see Kerzel,
2005, 2006) (for review). For example, if an eye tracker is
used to conﬁrm the subjects’ ﬁxation, discrete implied
motion produces reliable forward displacement; however,
smooth motion does not (Kerzel, 2003).1 In addition, for-
ward displacement with smooth motion was observed only
when the subjects were asked to report the ﬁnal position of
a moving target with their ﬁnger (Kerzel & Gegenfurtner,
2003) or with a mouse pointer (Mu¨sseler, Stork, & Kerzel,
2002; Kerzel, 2003), but not when they compared the
remembered position to the position of another stationary
stimulus presented after the motion sequence. Whether a
similar pattern of object-based anisotropies in the ﬂash-
lag are observed without mouse pointing remains to be
investigated. Although the method of constant stimuli for
our experiment would require many more trials than the
mouse pointing method does, the results may have impor-
tant implications for the eﬀects of motion on perception
and action.
In the human visual system, the lateral occipital complex
(LO) is said to be responsible for non-retinotopic shape
representation (Grill-Spector, Kourtzi, & Kanwisher,
2001), and the middle temporal area (MT) is said to be
responsible for retinotopic motion representation (Huk,
Dougherty, & Heeger, 2002). Local spatial information
may be represented with the highest precision in early cor-
tical areas like the primary visual cortex (V1). In this case,
one possible explanation for the object-based, retinotop-
ically-induced mislocalization would be that the position
and shape information of visual objects are processed rela-
tively separately (Milner & Goodale, 1995). Motion signals
in the retinotopic coordinate (in the MT) may be relayed
via a reentrant stream to the lower cortical areas, wherein
resides the neural representation of the spatial position1 The fact that the smooth tracking of a moving stimulus had a major
impact on representational momentum shows a clear contrast with the
present ﬁnding of the ﬂash-lag eﬀect. This is because the present study
demonstrated that motion signals in the retinal coordinates produced
anisotropic mislocalization whether motion signal is caused by physical
motion or smooth pursuit eye movement (Nijhawan, 2001). This could
imply that the process for representational momentum concerns egocen-
tric localization, whereas that for anisotropic mislocalization (and the
ﬂash-lag) concerns relative localization in the retinal coordinates.(e.g., Lamme & Roelfsema, 2000; Pascual-Leone & Walsh,
2001).
Alternatively, the explicit representations of the relative
positions of visual objects may exist in higher association
cortices, such as the posterior parietal cortex (PPC), rather
than in lower visual cortices. The PPC has been implicated
for coordinate transformation and the possession of infor-
mation for eye position (Andersen, Essick, & Siegel, 1985),
hand position (Buneo, Jarvis, Batista, & Andersen, 2002),
and head position (Brotchie, Andersen, Snyder, & Good-
man, 1995). Nevertheless, an eye-centered coordinate
frame preponderates in the PPC (Andersen & Buneo,
2002; Batista, Bueno, Snyder, & Andersen, 1999; Buneo
et al., 2002). Thus, the obstinate use of retinotopic rather
than object motion signals for object-based mislocalization
may be explained in terms of the prevailing retinotopic
organization in the primate visual system (Merigan &
Maunsell, 1993; Zeki, 1993). Then, the present ﬁndings
exemplify the idea that retinotopic or eye-centered repre-
sentations may be the most eﬃcient and common frame
of reference in our visual system; therefore, they are used
for various tasks that initially appear to be based on other
coordinates, for example, manual pointing behaviors
(Andersen & Buneo, 2002; Batista et al., 1999; Beurze,
van Pelt, & Mendendrop, 2006; Mendendrop, Goltz, Vilis,
& Crawford, 2003; Pesaran, Nelson, & Andersen, 2006;
Whitney, Westwood, & Goodale, 2003). Therefore, it
would be interesting and informative to examine whether
a similar pattern of mislocalization is observed in other
modes of localization (eye movement and hand pointing).
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